Changes of the electronic structure accompanied by charge localization and a transition to an antiferromagnetic ground state were observed in the organic semiconductor (DOEO) 4 
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I. INTRODUCTION:
Organic conductors are promising candidates for future molecular-scale memory applications. Reviews about the important practical applications and novelty of such materials were presented in [1] [2] [3] . The possibilities of molecular design through chemical synthesis and of miniaturizing dimensions are attractive properties of the molecular based conductors. Individual or small packets of molecules mounted within addressable cells conduct and switch electrical currents, and provide electrical bits of information [3] . Advantages of organic and polymer memories also include simplicity in device structure, good scalability, low fabrication costs, low-power operation, multiple properties interplay, and large capacity for data storage. Organic metals and semiconductors are strongly-correlated Fermi liquid systems manifesting unique physical properties such as charge and spin waves, unusual electrical and optical properties [4, 5] .
Strong electron-electron correlations and electron -phonon interactions appearing due to low dimensional structure of the layered organic conductors cause unusual ground states of the crystals possessing a very rich spectrum of instabilities [4, 5] . Instabilities lead to metal-insulator or metal-semiconductor transitions controlled by the amount of Fermi surface involved in the electron-hole condensation.
Most of the organic conductors are layered two dimensional (2D) crystals whose symmetry contains an inversion center. The inversion symmetry forbids spin-orbit contribution like Aharonov-Bohm or Rashba-Bychkov effects. This paper is devoted to the quasi-2D organic conductor containing the asymmetrical DOEO molecule (1,4-(dioxandiil-2,3-dithio)ethylenedithiotetrathiafulvalene) packed in two dimensional layers. We have studied (DOEO) 4 [HgBr 4 ]·TCE (where TCE is 1,1,2-trichloroethane) crystals (Fig. 1) . The DOEO based crystals are layered systems attractive because conductive sheets of monomolecular thickness are separated by relatively large nonconductive zones of the anionic layer.
Analogously to the family of BEDT-TTF cationic radical salts, the charge transfer from the DOEO layer amounts to 1 electron per molecular dimer. Synthesis, crystal structure, electrical and optical properties of the (DOEO) 4 [HgBr 4 ]·TCE semiconductors were described in detail [6] [7] [8] [9] . Raman scattering investigations showed that the crystalsare quasi-one dimensional (1D)conductors down to 140 K,whereas below this temperature the conductivity behavior becomes similar to the one typical forquasi-2D compounds [9] . Upon cooling the resistivity of the crystals increases until a maximum at ~ 140 K corresponding to a transition to the (anomalous) metallic state existing in the 70-140 K range. Below about 60 K a sharp increase of the resistivity was observed [6] .The highest occupied molecular orbital (HOMO) of the DOEO molecule of  character constitutes a 2D valence band. An energy gap forms by two coupled DOEO molecules in the HOMO band. Therefore,the HOMO band is expected to be nominally quarter-filled.
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The aims of this paper are: 1) identification of the particles contributing to magnetic and electrical properties in (DOEO) 4 [HgBr 4 ]·TCE crystals; 2) studying the local symmetry of the crystal field in the region of the charge carrier localization; 3) identification of energy structure and chemical composition of the crystals by X-ray photoelectron spectroscopy (XPS) and hard X-ray photoelectron spectroscopy (HAXPES) in complicated multiphase system.
II. EXPERIMENTS
The (DOEO) 4 [HgBr 4 ]·TCE crystals were of plate shape of ~1 mm 2 sizes. The structure of these crystals consists of alternating organic and inorganic layers (Fig. 1 b) . The non-conducting inorganic layers are formed by (HgBr 4 ) 2 anions
and TCE solvent molecules. The organic layers are built by dimerized DOEO molecular stacks (Fig. 1 a) .
To investigate the high frequency spin dynamics and to separate contributions of particles of various types to the magnetic susceptibility of the crystal a Jeol JES FA200 electron spin resonance (ESR) spectrometer was used. The spectrometer operates in the X-band frequency range (9.013 GHz). The modulation frequency was 100 kHz, scanning range of the magnetic field was in the 0-16 kOe range. The temperature was varied in the 4 -300 K range with a relative accuracy of ± 5% in an ESR 900 Oxford Instruments cryostat. The ESR spectra were recorded as dependences of the first derivative of microwave power absorption on the magnetic field, dP/dH. For measurements of the angular dependence the crystal was mounted on the sample holder with an absolute accuracy of  5 0 . Rotation of the sample in the cavity was carried out by a homemade goniometer with a relative error of 1 0 .
Ultraviolet and X-ray photoelectron spectroscopies (UPS and XPS, respectively) were used to determine the electronic and chemical properties of the compound. The XPS analysis utilized Mg K radiation (hv=1253.6 eV), while hard X-rays were produced by the storage ring PETRA, Hamburg, thus providing two different scenarios of the probing depth. The combination of core-and valence photoemission spectroscopy is generally necessary for providing a full picture of the electronic structure. The XPS/UPS and HAXPES measurements were performed with two hemispherical analyzers (type SPECS Phoibos) for the standard and high-energy range, respectively. UPS employed a He discharge lamp (He I at 21.2 eV) for excitation. The full width at half maximum (FWHM) resolution was about 0.9 eV, 0.4 eV and 0.3 eV for XPS, HAXPES and UPS, respectively. All spectra were acquired at normal emission. The UHV sample manipulators were equipped with liquid helium cryostats, thus providing temperatures in the ca. 15-300 K range.
The HAXPES measurements were carried out at the P09 HAXPES end station of PETRA III (Hamburg) at a photon energy of 6000.5 eV [10, 11] . Due to the large inelastic mean free path of the fast electrons the probing depth was about meV. The beam was focused down to 0.2 mm × 0.4 mm spot size. The spectra were recorded in normal emission geometry at nearly grazing photon incidence (≈ 2°).
Finally, the microstructure of the sample has been studied by transmission electron microscopy (TEM) using a Jeol JEM-2100 high resolution microscope.
III. RESULTS AND DISCUSSION
A. Magnetic properties
The ESR spectroscopy can indicate the localization of charge carriers via characteristic changes in the ESR spectrum, in particular spectral shape and symmetry. ESR gives information on the surroundings of the localized paramagnetic centers. For that reason ESR spectra of a (DOEO) 4 [HgBr 4 ]·TCE crystal were recorded (Fig. 2) . The ESR spectrum of (DOEO) 4 [HgBr 4 ]·TCE crystal contains a line of Lorentz shape in the 4 -300 K temperature range (Fig. 2 a) .
At higher temperatures, 70 -300 K, this line possesses an axial angular dependence inherent to delocalized charge carriers in the organic conductors (Fig. 2 c) .
Below T = 70 K the ESR spectrum is split into two anisotropic lines 1 and 2 (Fig. 2 b) . The narrow line 1 (linewidth ~ 0.5 -4 mT) which was also observed at high temperatures lies on the low-field wing of the wide line 2 (linewidth ~ 2 -8 mT). Decomposition of the spectra recorded in different orientations into two Lorentz lines results in angular dependences of the g-factors of lines 1 and 2 (Fig. 2 c) . Obvious differences of the angular dependences at 300 K and 5 K as well as pronounced differences between angular dependences of lines 1 and 2 indicate the presence of two distinct paramagnetic centers corresponding to different crystal fields. In Section D evidence will be presented that low temperature centers contribute to the ESR spectra by providing localized charge carriers.
A sharp increase of the sample resistivity below 70 K was observed in [6] [7] [8] [9] and confirmed in special measurements for the crystal subjected to ESR studies. The room temperature dc conductivity of the crystal measured along the adirection within the ab plane was R 300 = 5 S/cm, while the perpendicular one was smaller by four orders of magnitude [6] . Upon cooling, the resistivity increases until a maximum is reached around 140 K. Below this maximum the 5 resistivity curve becomes metallic-type and finally undergoes an insulating transition at about 50 K. The resistivity of the sample R depends on the amount of delocalized charge carriers N del : 1/R = N del ek ( is mobility of the charge carriers, k is a geometric factor, e is the hole charge). Delocalized charge carriers (holes) do not strongly contribute to the magnetic moment of the sample M, because just a small part of them with energies close to the Fermi level E F (softening zone  
We assume that the Brillouin function is associated with a small amount of the impurities (i.e. unpaired and uncoupled spins) in the sample. The fit to the experimental data indicates a spin of S=10 corresponding to paramagnetic metallic nanoparticles. The linear term corresponds to the true susceptibility signal from the unpaired electrons within the crystal. The impurity component is very large at low fields and low temperatures compared to the linear component.
Considering the absolute value of the total magnetic moment one obtains a different result. For the total magnetic 6 moment one must consider the saturated moment in infinitely large external magnetic fields. In this case the linear term becomes much larger (more than 95 %) than the impurity contribution. Subtracting the impurity contribution the magnetic susceptibility is almost constant, indicating the dominant temperature-independent Pauli paramagnetism due to delocalized electrons. The small deviation from the constant susceptibility above 50 K nicely fits to the temperature dependence of the number of localized electrons discussed above that provoke a Langevin-paramagnetism with spin S=1/2. A small maximum near 40 K might indicate the onset of antiferromagnetic order.
The crystal structure and low concentration of holes (one hole per molecular dimer [6] [7] [8] [9] ) explain the small value for the observed long range intermolecular exchange interaction because intermolecular distances exceed ~ 10 Å. The occurrence of antiferromagnetic long and short range order may explain the existence of a second ESR line 2 as an antiferromagnetic resonance. As an independent confirmation of this aspect one may see the different temperature dependence of the integral intensity of line 2 [13] .
The occurrence of magnetic impurities requires additional confirmations which will be given in Section D.
B. X-ray photoelectron spectroscopy
XPS is very sensitive to the chemical composition and environment of the elements in a material in a probing depth typically about 1 nm. In XPS spectra, each element gives rise to a characteristic set of peaks in the photoelectron spectrum at kinetic energies determined by the photon energy and the respective binding energies. The presence of peaks at particular energies therefore indicates the presence of a specific element in the sample under study. Furthermore, the intensity of the peaks is related to the concentration of the element within the analyzed region. Thus, the technique provides a quantitative analysis of the surface composition. Arising out of the fact that the transfer of charge from the valence orbitals, typically involved in chemical bonding, is reflected in the measured binding energies of the core levels of the atoms, it is possible to distinguish the signals originating from atoms in different chemical environment.
The hard X-ray variant of XPS (HAXPES) provides the same information but for a substantially larger probing depth of 8-10 nm, corresponding to 5-7 DOEO layers of the title compound. HAXPES thus makes it possible to investigate the electronic structure in the bulk of the material. Furthermore, the comparison of bulk and surface photoelectron spectra gives information on the surface termination. A combined study using soft and hard X-ray photons on the same sample allows to discuss the electronic structure taking into account different structural aspects at the surface.
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Along with the discussion of photoemission spectra we should mention two main phenomena that could contribute to the experimental HAXPES and XPS spectra besides the true signal of the organic material: radiation damage and charging of the crystals or parts of them. In order to avoid the effect of radiation damage, several crystals from different batches were measured in parallel at each temperature in our experiments. Furthermore, the X-ray beam was shifted to a new position at the sample before every new scan. Charging often occurs during measurements on insulating materials.
The inhomogeneous charge distribution in the beam spot normally broadens the XPS signals and shifts the whole spectrum to lower kinetic energies. In XPS, we observe the charging effect very close (within about 1 nm) to the surface.
However, in HAXPES the large mean free path of several DOEO layers can lead to inhomogeneous, layer-wise charging as discussed in [14] . The present results indeed show a charging contribution both in the XPS and HAXPES spectra that could not be avoided. The measurements were reproduced on several samples from different batches and spectra were taken both during cooling and during warming up from low temperatures. The trend for all samples was the same.
XPS and HAXPES spectra of (DOEO) 4 [HgBr 4 ]·TCE crystals were taken in the temperature range 45 K -300 K.
The survey XPS spectrum of the DOEO salt taken at room temperature shows all the elements present in the material (Fig. 4 a) . The spectrum contains the carbon, oxygen and sulfur signals corresponding to the conductive DOEO stack layers as well as mercury and bromine present in the anion sublattice and chlorine from the TCE solvent.
A HAXPES survey spectrum of the shallow core levels, recorded at room temperature, is shown in Fig. 5a . Like in the XPS case, the spectrum contains the signals of all DOEO components, however, with substantially different intensity ratios. This reflects the difference in the partial photoemission cross sections. We observe chlorine of the solvent molecules embedded in the anionic layer. At room temperature the signals are well resolved and non-split.
For further evaluation the Hg 4f and S 2p XPS lines are discussed as signatures of anion and cation, respectively (Fig. 4 b, c) . In case of HAXPES the Hg 4d, S 2s and Cl 2p signals are used as a probe for the anion, the DOEO molecule and the solvent component, respectively (Fig. 5 b) . All evaluated lines are well suitable for the quantitate discussion, because their intensities are large and the component structure is very pronounced. The decrease of HAXPES photoemission cross section with increasing kinetic energy is less pronounced for s-states than for higher angular momentum states. Hence it was possible to study the S 2s level at good intensity. Due to non-monotonic behavior of transport [6] and spin properties [13] , it is interesting to follow the development of the photoemission spectra with cooling. At 200 K the Hg 4f XPS spectrum (Fig. 4 b) 14. Therefore, using both XPS and HAXPES we can follow and discuss not only surface vs. bulk differences, but also observe the interlayer conductivity change in the layered organic compound.
The hypothesis about a transition from 1D electrical conductivity (at high temperatures) to 2D conductivity (below 140 K) proposed in [9] stimulated us to study the temperature dependence of the electrical anisotropy. In order to quantify the electrical anisotropy we introduce the ratio R  /R  of the "out-of-plane" R  and "in plane" R  resistivity using experimental data from Ref. 6 .
Two facts become obvious from the comparison of temperature dependences of R  /R  and the XPS shift, both plotted in Fig. 6 . Cooling of the crystal continuously increases the ratio R  /R  of the electrical conductivity towards twodimensional behaviour. This continuous "transition" of the electrical dimensionality is accompanied with the localization of holes that, in turn, leads to dielectric polarization of the sample. The additional evidence of localization (besides the resistance behaviour itself [6] [7] [8] [9] ) is a significant shift of the XPS signals towards lower kinetic energies, progressively down to 140 K. The temperature dependence of the electrical anisotropy parameter R  /R  (triangles in Fig. 6 ) thus correlates with the temperature dependence of the level shifts in the XPS spectra (circles). In the DOEO layer the conductivity originates from transfer of holes between dimers through short contacts between "tail-to head" molecules whose ends contain sulphur atoms. Further, also the intensity ratio of the HAXPES signals (i.e. the ratio of the area of the shifted line and the total area of shifted and non-shifted line, squares) also follows this trend. The net charge accumulated in the near-surface region in the steady-state equilibrium during irradiation with the hard X-rays is an indirect measure of the interlayer conductivity.
C. Ultraviolet photoelectron spectroscopy
UPS probes the single-particle spectral function and is therefore a useful tool to investigate highly correlated systems. According to the atomic subshell photoionization cross sections calculated in [17] , the contributions of the C 2p
and S 3p orbitals are very large for the He I photon energy, whereas those of Hg 5d is rather small because of the small cross sections and small atomic ratios [18] . The work function Φ of DOEO was estimated from the onset of the secondary electrons, to be 4.1±0.2 eV. The work function of a semiconductor, however, is not solely determined by the ionization energy but also by the position of the Fermi level at the surface, which may be shifted by the occupation of surface states in the gap. From the estimated value of Φ and assuming an ionization energy E I = 4.8 eV for the neutral DOEO molecules [7] , it is possible to give an estimate of the expected position for the HOMO level, at a binding energy of 0.7±0.2 eV. Figure 7 shows a series of UPS spectra of the (DOEO) 4 [HgBr 4 ]·TCE crystal taken between 250 and 40 K in the valence-band region. All spectra exhibit a slow increase in the 2 to 4 eV region, where S 3p states are expected to give the dominant contribution [18, 19] . Between 4 and 11.5 eV there is a steep rise towards a pronounced peak at 11.5 eV.
This peak stays fixed in energy, ruling out charging. In this range we expect a contribution also from Hg 5d, C 2p and S 3s states [18, 19] . The inset of Fig. 7 is an enlargement of the part of the spectrum denoted by a dashed rectangle. This region shows a significant dependence on temperature, see inset. The changes in the spectra are strong between 250 and 140 K and significantly lower between 120 and 40 K, i.e. there is a discontinuity at about 130K.
Photoemission and electronic structure near the Fermi level (E F ) in similar TTF-and BEDT-TTF-based crystals was studied by R. Liu et al. [19] , Downes et al. [20] and Kiss et al. [21] . Significant photoelectron-emission intensities are observed in the region close to E F , in those salts showing a metallic behavior. It turned out that the intensity at the Fermi edge depends strongly on the preparation process (cleavage) and samples from the same batch can show different behaviors, depending on the individual surface termination [20] . The spectra of The vibrational structure of the DOEO 0 neutral molecule, the DOEO + cation, and the TCE solvent molecule were described using the DFT method (density functional theory) in [7] . For fully optimized DOEO 0 the skeleton is nonplanar, whereas for DOEO + it is almost planar (except for the outer ethylene groups). Computation of the electronic structure of DOEO 0 and DOEO + was performed using quantum-chemical calculations at different levels of theory, revealing HOMO energy values of 4.8 eV and 8.5 eV as referred to the vacuum level (corresponding therefore to 0.7 eV and 4.4 eV in our reference system, respectively) for the neutral and charged DOEO + molecule, respectively. The theoretical LUMO energy (referred to the vacuum level) is about 1.3 eV for DOEO 0 and 7.2 eV for DOEO + [7] . If the conduction band originates from the HOMO in the (DOEO) 4 These structures form a mosaic pattern indicating a large number of dislocations in the molecular structure. The magnified image shows blocks of atomic planes separated from each other by 2.66 Å (Fig. 9 b) . This length scale corresponds to the distance of DOEO molecules. Heterogeneities were revealed at room temperature but of course it is likely that they persist at low temperatures. It is well known that the instability of the crystal lattice as well as the small activation energy of dislocations and diffusion can result in a phase separation. It is reasonable to suppose that the "droplet" inclusions are amorphous and therefore remain invisible for structural investigations using X-ray diffraction.
One should expect Schottky barriers forming on the droplet interface providing a Coulomb repulsion of the charge carriers balanced with equilibrium concentration of the holes in the crystal bulk. This is a way to explain the impurity component discussed for the magnetization measurements.
IV. CONCLUSIONS
At low temperature an antiferromagnetic phase of localized holes coexists with paramagnetic individual localized holes in (DOEO) 4 [HgBr 4 ]·TCE. The symmetry of the "islands" of the antiferromagnetic phase was found to be different in comparison with the symmetry of the ESR spectra of free charge carriers.
In the temperature region of 120-160 K the XPS spectra reveal characteristic level shifts of the order of 400 meV and the HAXPES spectra exhibit strongly shifted signals due to the buildup of non-equilibrium charge distribution in the near surface region. The XPS shifts reflect the surface charge within the first 1 nm, i.e. within the first DOEO layer. In contrast, the HAXPES shifts arise from a probing depth of about 8-10 nm, i.e. 5-7 DOEO layers. The intralayer conductivity is much higher than the interlayer conductivity. Hence, electrostatic decoupling of adjacent layers occurs as discussed in [14] , leading to several separated signals. The temperature dependences of the continuous XPS level shift and the intensity ratio of the shifted signal versus the unshifted signals in HAXPES spectra are in accordance with the conductivity anisotropy parameter R  /R .
The comparison of XPS and HAXPES spectra gives information on the surface termination. XPS (probing depth about 1nm) sees the surface and topmost DOEO layer, whereas HAXPES gives spectroscopic access to several buried cationic and anionic layers. The comparison indicates that the surface of the as-grown crystals is mainly terminated by the layer of DOEO molecules. In UPS spectra significant changes as function of temperature are observed between room temperature and about 130 K. At this temperature the variation levels off and is much smaller between 120 K and 40 K.
The intensity at E F is zero, which points on semiconducting behaviour. However, due to the small probing depth of UPS Hamiltonian corresponding to axial symmetry. [10] 
